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Abstract: Introducing multiple active sites and constructing a heterostructure are efficient strategies to
develop high-performance electrocatalysts. Herein, two-dimensional heterostructure NiFeP@FeOOH
nanosheets supported by nickel foam (NF) are prepared by a hydrothermal–phosphorization–
electrodeposition process. The synthesis of self-supporting heterostructure NiFeP@FeOOH nanosheets
on NF increases the specific surface region, while bimetallic phosphide realizes rapid charge transfer,
improving the electron transfer rate. The introduction of FeOOH and the construction of a heterostruc-
ture result in a synergistic effect among the components, and the surface-active sites are abundant. In
situ Raman spectroscopy showed that the excellent oxygen evolution reaction (OER) performance
was due to reconstruction-induced hydroxyl oxide, which achieved a multi-active site reaction. The
NiFeP@FeOOH/NF electrocatalytic activity was then significantly improved. The findings indicate
that in a 1.0 M KOH alkaline solution, NiFeP@FeOOH/NF showed an OER overpotential of 235 mV
at 100 mA cm−2, a Tafel slope of 46.46 mV dec−1, and it worked stably at 50 mA cm−2 for 80 h. This
research proves that constructing heterostructure and introducing FeOOH are of great significance to
the study of the properties of OER electrocatalysts.

Keywords: heterostructure; nanosheet; FeOOH; stability; oxygen evolution reaction

1. Introduction

Studying and developing green and sustainable energy is becoming increasingly
important as energy and environmental problems become worse [1,2]. Hydrogen is an
excellent replacement for fossil fuels as it has a high energy density and creates zero emis-
sions [3,4]. Sustainable hydrolysis to produce hydrogen will be the future direction of
energy development [5,6]. For large-scale industrial production, the efficiency of elec-
trolyzed water energy conversion is insufficient, so it is critical to investigate and develop
high-performance electrolyzed water catalysts [7,8]. In reality, the voltage needed for the
hydrolysis reaction is greater than the theoretical voltage [9–12]. The OER under alkaline
conditions is a four-electron coupling reaction. Because of its slow reaction kinetics, the real
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efficiency of electrolytic water is extraordinarily low [13]. IrO2/RuO2 is the standard OER
catalyst commonly used now [14–17]. However, owing to the rarity of expensive metal
materials, it is difficult to sustain it in large-scale industrial production and application for
an extended period [18,19]. As a result, the creation of non-precious metal catalysts with
elevated electrolysis productivity and low cost holds critical research value [20,21].

In an attempt to develop electrocatalyst materials, many scientists have focused on
transition metal materials (such as nickel, cobalt, iron, etc.). Many transition metal-based
compounds have been developed up to this point [22]. Researchers are particularly in-
trigued with transition metal phosphides because of their notably high mechanical strength,
conductivity, and chemical stability [23]. Nickel–iron-based phosphide is considered to be
an effective material for OER catalyst, because the interaction between Fe3+ and Ni2+ can
alter the electron density distribution or electronic structure of the catalyst [24–27]. How-
ever, given the current need for commercial water electrolysis, increasing nickel–iron-based
phosphide catalytic activity and stability is necessary.

Currently, it is possible to increase catalytic activity by altering the electronic arrange-
ment to increase the strength of intermediate adsorption at active sites [28,29]. The main
methods include heterojunction construction, interface modification, defect engineering,
and strain adjustment [30]. Among these methods, creating heterojunctions can greatly
enhance the catalyst catalytic efficiency. A reasonable interface heterostructure design can
modify electroactive sites, facilitate electron transfer, enhance the synergistic effect of each
component, and improve catalytic activity as well as optimize intermediate adsorption
energy [31]. Furthermore, charge transfers in the catalytic process can be facilitated by
the heterojunction catalyst’s built-in electric field, which improves the kinetics of the elec-
trode reaction. According to Jin et al., creating heterostructures can significantly enhance
OER catalyst performance [32]. Zhao et al. created a high-performance OER catalyst via
building a heterostructure [33]. Wu et al. used the synergistic effect between two different
nickel–iron-based materials to prepare NiFe-OH/NiFeP materials with excellent OER prop-
erties [34]. As a result, designing and building heterojunctions is an extremely significant
way for improving the electrocatalytic performance of electrocatalysts.

Numerous studies have demonstrated that FeOOH is the most catalytically active
component of iron-based OER catalysts in alkaline solutions [34,35]. FeOOH has risen in
popularity and has become a crucial component of OER catalysts because of its strong
inherent activity and unique D-electron structure [36]. However, single FeOOH has poor
conductivity, excessive intermediate adsorption energy, and an unstable structure, while
transition metal phosphide offers high physical strength, conductivity, and stability, so the
synergistic effect of transition metal phosphide combined with FeOOH may substantially
enhance the electrocatalytic activity of the catalysts. Zhang et al. demonstrated that
inserting FeOOH improves the OER electrocatalytic activity of Ni2P/FeOOH [37]. Gao
et al. increased the OER activity of the samples by including FeOOH [38].

Based on the earlier work, herein, we designed the 2D heterostructure NiFeP@FeOOH
nanosheets based on NF for OER electrocatalysts. The synthesized NiFeP@FeOOH/NF
exhibits increased electrocatalytic performance. The OER overpotential required for the
NiFeP@FeOOH/NF catalyst to accomplish a current density of 100 mA cm−2 is 235 mV
in 1.0 M KOH solution. The nickel foam substrate in NiFeP@FeOOH/NF has an open
structure and high specific surface area, and the bimetallic phosphide can realize rapid
charge transfer. The construction of heterogeneous structures and the introduction of
FeOOH increase the number of active sites on the surface and enhance the synergistic effects.
Therefore, by constructing a heterojunction and introducing FeOOH, the OER performance
can be significantly increased. This transition metal phosphide design technique has the
potential to increase the performance of OER electrocatalysts.

2. Results and Discussion

As seen in Figure 1a, the NiFeP@FeOOH/NF OER electrocatalyst was designed and
synthesized on NF by the hydrothermal–phosphorization–electrodeposition method. First,
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a straightforward hydrothermal method was used for the in situ generation of Ni-Fe
bimetallic hydroxide on nickel foam. The surface of NF was flat and smooth, and under a
high-power scanning electron microscope, it resembles scales as seen in Figure S1. The Ni-
Fe bimetallic hydroxide grows vertically on the surface of NF, resulting in two-dimensional
nano-sheets interwoven with each other as seen in Figure 1b. As seen in Figure 1c, the two-
dimensional nano-flake structure on the surface rarely changes after gas phase phosphating,
and this shows that the steps of phosphating have not much of an impact on the morphology
of the sample. Compared with Ni2P/NF, the nano-flake surface of NiFeP/NF has obvious
granular protrusions after phosphating Ni2P/NF in Figure S2, which implies that the
introduction of Fe element into the precursor is beneficial to maintaining the nano-flake
structure. After a constant current deposition, FeOOH nanosheets grow evenly on NiFeP
surface as shown in Figure 1d. Additionally, we confirmed that the FeOOH nanosheets
could be successfully grown by electrodeposition on the surface of NF by comparing the
SEM images of the FeOOH/NF (Figure S3). Shell-like aggregation can be easily seen on the
surface of FeOOH/NF in comparison to the SEM images of NiFeP@FeOOH/NF. It shows
that electrodeposition of FeOOH on NiFeP nanosheets is beneficial to regular growth and
inhibition of its aggregation. It is possible to investigate the Ni, Fe, O, and P elements
evenly distributed on the NiFeP@FeOOH/NF surface detection area through scanning
electron microscope (SEM) elemental analysis. According to Figure 1e–i, the elemental
mapping also demonstrates that the sample surface was successfully phosphatized and
grew FeOOH by vapor phase phosphating and electrodeposition. In addition, as shown in
Figure S4, to obtain NiFe precursor with uniform distribution of nanosheets, the formation
of nanosheets was controlled by controlling the hydrothermal temperature. Under the
condition of 120 ◦C, the distribution of nanosheets on the surface of the NiFe precursor
was the most uniform. This facilitated the implementation of the subsequent steps to
achieve synergies between the components. Through the above steps, we successfully
obtained the heterostructure NiFeP@FeOOH nanosheets. Nitrogen adsorption/desorption
isotherms were measured, and the specific surface areas of the NiFe precursor/NF and
NiFeP@FeOOH/NF were estimated to be 35.25 m2 g−1 and 37.62 m2 g−1 based on the
Brunauer–Emmtt–Teller (BET) model.
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Catalysts 2024, 14, 511 4 of 12

Transmission electron microscopy (TEM) was used to further research the structure
and content of NiFeP@FeOOH/NF (Figure 2a–g), along with scanning electron microscope
(SEM) elemental analysis (Figure 2h). Figure 2a,b show that the NiFeP@FeOOH nanosheet
is in two dimensions, which demonstrates that the nanosheet is composed of lots of crys-
talline nanoparticles. The SEM images support this as well. As seen in Figure 2c, the
two-dimensional NiFeP@FeOOH nanosheets are further enlarged, and the TEM of the high-
resolution (HRTEM) images show three groups of clear lattice stripes, which correspond to
Figure 2d–f, respectively. The measured crystal plane spacings of 0.29 nm, 0.22 nm, and
0.25 nm match the crystal planes of Fe2P (101), Ni2P (111), and FeOOH (211), respectively.
The findings show that Fe2P, Ni2P, and FeOOH make up the NiFeP@FeOOH nanosheets,
and that there is a clear interface boundary between them as shown in Figure 2g. This
indicates that the NiFeP@FeOOH heterostructure has been successfully constructed. This
heterostructure helps to regulate electron transport and speeds up the intermediate adsorp-
tion and desorption during electrocatalytic reactions. At the same time, the synergistic effect
between the components is improved, enhancing the catalytic performance. In addition,
transmission analysis was performed on multiple regions of the sample, and there were also
heterostructures, as shown in Figure S5. A series of diffraction rings with numerous bright
spots can be seen in Figure 2h (the selective electron diffraction (SAED) image), which
displays the crystal planes of Fe2P (101), Ni2P (111), and FeOOH (211). Additionally, the
experimental NiFeP@FeOOH/NF contact angle was measured, as can be seen in Figure S6,
and the contact angle was 46.3◦, indicating that the sample had good hydrophilicity. Better
wettability can improve the interaction between catalyst and electrolyte, exposing more
active sites to the catalyst. From the above results, it can be seen that the preparation of
heterogeneous NiFeP@FeOOH nanosheets was successful, and it may show advantageous
OER activity through multi-component synergism.
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Figure 2. (a–g) HRTEM images of the NiFeP@FeOOH/NF, (h) SAED image of NiFeP@FeOOH/NF.

The chemical composition of NiFeP@FeOOH/NF was further examined using X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The crystal structure of
the resulting electrocatalyst was examined by X-ray diffraction (XRD). According to Fig-
ure 3a, the three most obvious diffraction peaks are located at 76.5◦, 52.0◦, and 44.6◦,
which are mainly attributed to Ni (PDF#04-0850). Apart from these, the additional diffrac-
tion peaks are Ni2P (PDF#03-0953), Fe2P (PDF#51-0943), and FeOOH (PDF#46-1315),
respectively [10,37]. NiFeP/NF is a combination of Ni2P and Fe2P. After the introduc-
tion of FeOOH, there is no obvious peak generation or shift in NiFeP@FeOOH/NF. This
shows that FeOOH grown by electrodeposition has poor crystallinity. Their chemistry
composition and valence were further analyzed using XPS. The entire spectrum depicted in
Figure 3b establishes the presence of Ni, Fe, O, C and P elements in the NiFeP@FeOOH/NF
sample. Indicating in Figure 4, high-resolution spectra of NiFeP/NF were used to compare
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the changes in binding energy peaks after the introduction of FeOOH. Figure 4a depicts the
full spectrum of the NiFe precursor, and the full spectrum of NiFeP/NF is obtained after
phosphating (Figure 4b). Four distinctive peaks and two adjoint peaks can be seen in the
spectrum of high-resolution Ni 2p (Figure 3c). Among them, the two binding energy peaks
of Ni 2p1/2 and Ni 2p3/2 of Ni-O are at 874.3 eV and 856.3 eV, respectively. The binding
energy peaks at 872.0 eV and 853.8 eV associated with Ni-P [39,40]. The two satellite peaks
are at 861.0 eV and 879.6 eV, respectively. Compared with Figure 4c, the introduction of
FeOOH redistributes the electron density, resulting to a positive shift of the Ni–P bond
peak by 0.5 eV. The binding energies are also shown in Table S1.
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The XPS spectra of Fe 2p in NiFeP@FeOOH/NF are displayed in Figure 3d. Peaks in
the binding energy at 705.4 eV and 719.4 eV belong to Fe-P. The second and third peaks
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in the binding energy of Fe 2p3/2 and Fe 2p1/2 appear at 710.3 eV, 724.1 eV, and 713.1 eV,
728.4 eV, belonging to Fe2+ and Fe3+, respectively [34]. After introducing FeOOH, the
content of Fe increases greatly compared with Figure 4d, and the area of Fe3+ diffraction
peak is increased. Figure 3e is the spectrum of P 2p. Metal phosphides are responsible
for the two binding energy peaks at 129.7 eV and 130.5 eV, respectively. The binding
energy of P-O peaks at 133.6 eV, which is due to the catalyst oxidization when it comes
into contact with airborne oxygen [41,42]. As seen in Figure 4e, the binding energy peak
of P did not change greatly after the introduction of FeOOH. Figure 3f displays the O 1 s
spectrum, in which there are three binding energy peaks. They belong to the M-O (530.0 eV),
M-OH (531.3 eV), and adsorbed H2O (532.7 eV) sections, respectively [26,43]. The peak
of NiFeP@FeOOH/NF O1s is negatively shifted by 0.1 eV compared with NiFeP/NF
(Figure 4f), indicating that the electron density is enhanced after the introduction of FeOOH.
The XPS data further demonstrate the generation of FeOOH and a significant number of
OH groups. This improves the internal activity of the catalyst by changing the local electron
arrangement and speeding up electron transport.

A conventional three-electrode setup was used for testing the electrocatalytic OER
performance of NiFeP@FeOOH/NF in a 1.0 M KOH electrolyzer. The same conditions
were used for testing NF, Ni2P@FeOOH/NF, NiFeP/NF, FeOOH/NF, and RuO2/NF. Apart
from comparing the OER performance of the precursor and NiFeP@FeOOH/NF, the LSV
curves of NiFeP@FeOOH/NF and other materials are displayed in Figure 5a. Among these
catalysts, NiFeP@FeOOH/NF displays the highest OER activity. Due to the existence of
metal oxidation peak, the metal is polarized under the influence of current, resulting in
potential deviation from low state to high state [44,45]. Reverse scanning is utilized to
reduce the impact of metal oxidation peaks at 100 mA cm−2. In order to make a comparison,
the overpotential at a current density of 100 mA cm−2 is extracted and depicted as a bar
graph in Figure 5b. In comparison to other materials, NiFeP@FeOOH/NF requires a
235 mV overpotential under a current density of 100 mA cm−2. According to the data,
the NiFeP@FeOOH exhibits excellent electrocatalytic performance. After phosphatization
and electrodeposition of the precursor, the OER performance of NiFeP@FeOOH/NF is
considerably improved as appears in Figure S7. This demonstrates that the construction of
heterojunctions and the introduction of FeOOH enhance the synergistic effects among the
components and increase the catalytic activity of NiFeP@FeOOH/NF.

The Tafel diagram and EIS spectrum were further employed to demonstrate the kinetic
characteristics of OER. According to Figure 5c, the Tafel slope of NiFeP@FeOOH/NF is
46.46 mV dec−1, which is lower than Ni2P@FeOOH/NF (63.31 mV dec−1), NiFeP/NF
(74.25 mV dec−1), RuO2/NF (121.27 mV dec−1), and bare NF (166.79 mV dec−1). This
demonstrates that NiFeP@FeOOH/NF has excellent OER reaction kinetics. Moreover, EIS
spectroscopy is frequently utilized in the OER process to understand charge transfer behav-
ior and interfacial reaction features. All samples were examined at a voltage of 100 mA cm−2

in Figure 5d. The NiFeP@FeOOH/NF exhibits a little semicircle. Following simulation
using an equivalent circuit in a Nyquist plot, Rct was determined to be 0.9 Ω at the zone of
high frequency, which is the smallest compared to other materials. Rct (Ni2P@FeOOH/NF)
is 1.0 Ω, Rct (NiFeP/NF) is 1.1 Ω, Rct (FeOOH/NF) is 1.9 Ω, Rct (RuO2/NF) is 6.0 Ω, and
Rct (NF) is 2.4 Ω, indicating that electron transport in the NiFeP@FeOOH/NF electrode
is faster, which leads to higher OER catalytic performance. This is due to the fact that the
constructed two-dimensional heterostructure can increase the rate of electron transfer and
accelerate the rate of bubble release thus speeding up the reaction rate. Comparing the OER
catalytic properties of NiFeP@FeOOH/NF with those of NiFeP/NF and Ni2P@FeOOH,
the multi-component synergistic action of NiFeP@FeOOH/NF shows the best catalytic
performance. We performed in situ Raman analysis using three-electrode cells to further
explore the structural evolution during the electrochemical process. Figure 5e shows
the curves of a series of Raman spectra of NiFeP@FeOOH/NF immersed in 1.0 M KOH
with an applied potential. Before the application of potential, the Raman spectrum of
NiFeP@FeOOH/NF had a peak at 696.0 cm−1, which can be attributed to the FeOOH
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obtained by electrodeposition. When a potential is applied to the electrode, the peak
becomes stronger, and its strength initially increases as the applied potential increases.
Meanwhile, the peaks produced at 480.0 cm−1 and 567.0 cm−1 are attributed to NiOOH,
and their intensity increases with the increase in applied potential [15]. The results show
that a large amount of hydroxyl radical is produced during the catalytic reaction, which are
the most active components in the catalytic process of the OER reaction, consistent with
the previous literature reports. NiFeP@FeOOH/NF has an outstanding OER performance,
as shown in Figure 5f, compared to a variety of Fe and Ni-based OER catalysts. Table S2
compares the performance of NiFeP@FeOOH with other OER catalysts. Additionally, the
surface morphology of the samples was regulated by adjusting the electrodeposition time,
and the best electrodeposition time was discovered (Figure S8). It was discovered that the
OER performance of samples was highest when electrodeposition was performed for 100 s.
Because the electrodeposition time is too long, there will be particle aggregation on the
sample surface, which will affect the synergy between the components and thus affect the
electrocatalytic performance (Figure S9). Conversely, when the electrodeposition time is
too short, FeOOH nanosheets are not equally covered.
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Figure 5. (a) OER LSV curves of NiFeP@FeOOH/NF, Ni2P@FeOOH/NF, NiFeP/NF, FeOOH/NF,
RuO2/NF, and NF, (b) Bar chart of overpotential at corresponding current density of 100 mA cm−2,
(c) Corresponding tafel slope, (d) Corresponding Nyquist diagram, (e) In situ Raman spectra of
NiFeP@FeOOH/NF and (f) Comparison bar chart of overpotential of different non-noble metal
electrocatalysts at 100 mA cm−2.

In Figure 6a,b, the electrochemical active surface area (ECSA) of the catalyst was
determined using double-layer capacitance (Cdl) measurements in the Faradaic potential
range. NiFeP@FeOOH/NF exhibits a Cdl value of 4.13 mF cm−2, which is high com-
pared to NiFeP/NF (3.55 mF cm−2), FeOOH/NF (0.20 mF cm−2), and Ni2P@FeOOH/NF
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(2.20 mF cm−2) (Figure S10). This implies that the addition of FeOOH and the formation
of heterojunctions provide NiFeP@FeOOH/NF with more catalytic sites. Aside from its
outstanding OER activity, NiFeP@FeOOH/NF’s stability is a crucial component in practical
applications. After 1000 CV cycles, the metal oxidation peak disappeared in the LSV curve
of NiFeP@FeOOH/NF electrocatalyst compared with the initial, because the oxidation
peak could be reduced or eliminated through multiple CV cycles, and the overpotential is
still 235 mV (Figure 6c). The voltage variation trend of NiFeP@FeOOH/NF for 80 h at a
steady current density of 50 mA cm−2 is shown in Figure 6d. It is stable for a significant
amount of time at constant voltage because the voltage only slightly fluctuates over the
course of 80 h. As clarified in Figure 6e, the LSV curve obtained after working for 80 h
at a constant current density of 50 mA cm−2 rose slightly in comparison with the initial
overpotential, which could be caused by the slight collapse of the nano-sheet structure
on its surface in Figure S11. The XRD spectrum of the NiFeP@FeOOH/NF following the
stability test is displayed in Figure S12. The XRD pattern did not change after the stability
test, indicating that the composition of the material is stable. The XPS spectrum of the
NiFeP@FeOOH/NF following the stability test is displayed in Figure S13. The peaks of Ni
2p and Fe 2p associated with Ni-P and Fe-P are observed to vanish, showing that the outer
NiFeP@FeOOH is changed into nickel/iron hydroxide and oxide/hydroxyl oxide, which is
caused by oxidation during oxygen evolution. A transmission analysis was performed on
NiFeP@FeOOH after cycling, according to Figure S14, and it can be obviously observed
that the heterogeneous nanosheet array is retained in the sample after cycling, but slight
deformation occurred. In short, the electrocatalytic active phases of OER are nickel–iron
hydroxide and nickel–iron oxide/hydroxyl oxide, respectively, which enrich the surface of
NiFeP@FeOOH/NF.

Catalysts 2024, 14, x FOR PEER REVIEW 9 of 14 
 

 

Figure S11. The XRD spectrum of the NiFeP@FeOOH/NF following the stability test is 
displayed in Figure S12. The XRD pattern did not change after the stability test, indicating 
that the composition of the material is stable. The XPS spectrum of the NiFeP@FeOOH/NF 
following the stability test is displayed in Figure S13. The peaks of Ni 2p and Fe 2p asso-
ciated with Ni-P and Fe-P are observed to vanish, showing that the outer NiFeP@FeOOH 
is changed into nickel/iron hydroxide and oxide/hydroxyl oxide, which is caused by oxi-
dation during oxygen evolution. A transmission analysis was performed on 
NiFeP@FeOOH after cycling, according to Figure S14, and it can be obviously observed 
that the heterogeneous nanosheet array is retained in the sample after cycling, but slight 
deformation occurred. In short, the electrocatalytic active phases of OER are nickel–iron 
hydroxide and nickel–iron oxide/hydroxyl oxide, respectively, which enrich the surface 
of NiFeP@FeOOH/NF. 

 
Figure 6. (a) ECSA of NiFeP@FeOOH/NF electrode measured by cyclic voltammograms at unequal 
scan velocities from 5 to 100 mV s−1, (b) corresponding curve of current densities of 
NiFeP@FeOOH/NF, NiFeP/NF, Ni2P@FeOOH/NF and FeOOH/NF as a function of scan velocity, (c) 
LSV for NiFeP@FeOOH/NF before and after 1000 cycles, (d) Long-term durability test, (e) LSV for 
NiFeP@FeOOH/NF initial and after long-term durability test 80 h, and (f) Multicurrent process of 
NiFeP@FeOOH/NF with an increment of 20 mA cm−2 per stair from 20 to 200 mA cm−2. 

Experiments with different KOH concentrations, temperatures, and the durability at 
different current densities were also carried out. As shown in Figure S15, 
NiFeP@FeOOH/NF requires overpotentials of 235 mV and 490 mV under a current density 
of 100 mA cm−2 in 1.0 M and 0.1 M KOH alkaline solutions. From Figure S16, it could be 
seen that NiFeP@FeOOH/NF requires overpotentials of 190 mV and 235 mV at 50 °C and 
25 °C under a current density of 100 mA cm−2. The result corresponds to higher reaction 
activity and better performance at higher temperatures. The long-term durability test of 
NiFeP@FeOOH/NF at 50 and 100 mA cm−2 current densities is shown in Figure S17. 
NiFeP@FeOOH/NF could stably work for 80 h at a constant current density of 50 mA cm−2 
as well as 57.5 h at 100 mA cm−2. The result indicates that the stability is better with a lower 
current density. 

3. Experimental 
3.1. Chemicals 

Nickel foam (NF) was purchased from Tianjin Damao Chemical Reagent Factory, 
China, and nickel nitrate hexahydrate (Ni(NO3)2·6H2O), iron nitrate nonahydrate 
(Fe(NO3)2·9H2O), ammonium fluoride (NH4F), ferrous chloride tetrahydrate (FeCl2·4H2O) 
and urea CO(NH2)2 were obtained from China National Pharmaceutical Group Co., Ltd. 

Figure 6. (a) ECSA of NiFeP@FeOOH/NF electrode measured by cyclic voltammograms at
unequal scan velocities from 5 to 100 mV s−1, (b) corresponding curve of current densities of
NiFeP@FeOOH/NF, NiFeP/NF, Ni2P@FeOOH/NF and FeOOH/NF as a function of scan velocity,
(c) LSV for NiFeP@FeOOH/NF before and after 1000 cycles, (d) Long-term durability test, (e) LSV for
NiFeP@FeOOH/NF initial and after long-term durability test 80 h, and (f) Multicurrent process of
NiFeP@FeOOH/NF with an increment of 20 mA cm−2 per stair from 20 to 200 mA cm−2.

Experiments with different KOH concentrations, temperatures, and the durability at
different current densities were also carried out. As shown in Figure S15, NiFeP@FeOOH/NF
requires overpotentials of 235 mV and 490 mV under a current density of 100 mA cm−2

in 1.0 M and 0.1 M KOH alkaline solutions. From Figure S16, it could be seen that
NiFeP@FeOOH/NF requires overpotentials of 190 mV and 235 mV at 50 ◦C and 25 ◦C
under a current density of 100 mA cm−2. The result corresponds to higher reaction ac-
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tivity and better performance at higher temperatures. The long-term durability test of
NiFeP@FeOOH/NF at 50 and 100 mA cm−2 current densities is shown in Figure S17.
NiFeP@FeOOH/NF could stably work for 80 h at a constant current density of 50 mA cm−2

as well as 57.5 h at 100 mA cm−2. The result indicates that the stability is better with a
lower current density.

3. Experimental
3.1. Chemicals

Nickel foam (NF) was purchased from Tianjin Damao Chemical Reagent Factory, China,
and nickel nitrate hexahydrate (Ni(NO3)2·6H2O), iron nitrate nonahydrate (Fe(NO3)2·9H2O),
ammonium fluoride (NH4F), ferrous chloride tetrahydrate (FeCl2·4H2O) and urea CO(NH2)2
were obtained from China National Pharmaceutical Group Co., Ltd. Sodium hypophos-
phite (NaH2PO2) was provided by Tianjin FuChen Chemical Reagent Factory, China. All
the compounds were analytically pure and did not require further handling.

3.2. Synthesis
3.2.1. Synthesis of NiFe Precursor/NF

In this research, the hydrothermal technique was used to create the bimetallic hydrox-
ide complex of nickel hydroxide and iron hydroxide derived from nickel foam. The steps
are as follows: First, 0.44 g Ni(NO3)2·6H2O, 0.61 g Fe(NO3)2·9H2O, 0.90 g CO(NH2)2 and
0.45 g NH4F were added into 55 mL of distilled water. The solution was mixed evenly by
a magnetic stirrer at normal temperature. The resulting solution was added to a reaction
kettle containing NF (2 × 3 cm2), which was put in an oven set at 120 ◦C for 12 h. After
several washes to eliminate impurities, the generated NiFe precursor was vacuum dried.

3.2.2. Synthesis of NiFeP/NF

The dried NiFe precursor was placed downstream of the porcelain boat, and 0.5 g
of sodium hypophosphite was weighed and placed on the other side of the boat. The
porcelain boat was then placed in tube furnace at 350 ◦C for 3 h with a heating rate of 3 ◦C
min−1, naturally cooled to room temperature, removed, cleaned to remove impurities, and
vacuum dried.

3.2.3. Synthesis of NiFeP@FeOOH/NF

The electrolyte of electrodeposition was a 0.1 M FeCl2 solution. The sample was then
electrodeposited for 100 s at a constant current density of 5 mA cm−2, cleaned, and dried
for 12 h at 60 ◦C. In this section, the samples produced via electrodeposition for 100 s are
referred to as NiFeP@FeOOH/NF.

4. Conclusions

Through a hydrothermal reaction, phosphorization, and electrodeposition, we suc-
cessfully constructed the heterostructure NiFeP@FeOOH nanosheets supported by NF. The
resulting NiFeP@FeOOH/NF electrocatalyst exhibits favorable OER electrocatalytic activity,
quick kinetics, and superior durability. While in 1.0 M KOH solution, NiFeP@FeOOH/NF
has an overpotential of 235 mV at a current density of 100 mA cm−2. The formation of the
NiFeP@FeOOH heterostructure nanosheets on NF can decrease the resistance to contact
between the catalyst and the base. After the addition of FeOOH, NiFeP@FeOOH/NF has a
larger ECSA and more electroactive centers, and the synergistic effect among the multiple
components can be realized. The addition of FeOOH can improve electrocatalytic activity
by enhancing intermediate adsorption free energy and causing local electron redistribution.
This project presents a fresh and creative approach for the rational design and advancement
of catalyst interface engineering with a wide range of potential applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal14080511/s1, Figure S1: (a,b) SEM images of NF; Figure S2:

https://www.mdpi.com/article/10.3390/catal14080511/s1
https://www.mdpi.com/article/10.3390/catal14080511/s1
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(a,b) SEM images of Ni2P/NF; Figure S3: (a,b) SEM images of FeOOH/NF; Figure S4: SEM images
of NiFe precursor at different hydrothermal temperatures (a) 50 ◦C, (b) 100 ◦C, (c) 120 ◦C, and (d)
150 ◦C; Figure S5: (a–d) HRTEM images of the NiFeP@FeOOH/NF; Figure S6: NiFeP@FeOOH/NF
contact angle test; Figure S7: LSV of NiFe precursor, NiFeP/NF, and NiFeP@FeOOH/NF; Figure S8:
NiFeP@FeOOH/NF LSV curves of different electrodeposition times; Figure S9: (a) NiFeP@FeOOH/NF
electrodeposition of 125 s, (b) NiFeP@FeOOH/NF electrodeposition of 200 s; Figure S10: ECSA was
measured by cyclic voltammetry at a scanning speed ranging from 5 mV s-1 to 100 mV s-1 (a) NiFe
precursor, (b) NiFeP/NF, (c) FeOOH/NF, and (d) Ni2P@FeOOH/NF; Figure S11: (a) SEM image after
stability test, (b) SEM image after 1000 CV cycle; Figure S12: XRD patterns of NiFeP@FeOOH/NF
inital and after stability test high resolution High-resolution fitted; Figure S13: XPS spectra of
NiFeP@FeOOH/NF after stability (a) Ni 2p, (b) Fe 2p, and (c) P 2p; Figure S14: (a,b) HRTEM images
of the NiFeP@FeOOH/NF after 1000 CV cycle, (c) SAED image of NiFeP@FeOOH/NF after 1000 CV
cycle; Figure S15: OER LSV curves of NiFeP@FeOOH/NF in 1.0 M and 0.1 M KOH alkaline solutions;
Figure S16: OER LSV curves of NiFeP@FeOOH/NF at 50 ◦C and 25 ◦C in 1.0 M KOH alkaline
solution; Figure S17: Long-term durability test of NiFeP@FeOOH/NF at 100 and 50 mA cm−2 current
densities; Table S1: Comparison of binding energies of of NiFeP@FeOOH/NF and NiFeP/NF, Table
S2: Comparison of overpotentials of different OER electrocatalysts at 100 mA cm−2 in 1.0 M KOH
solution. Refs. [46–59] are cited in the Supplementary Materials.
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